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Formation of resonant bonding during growth of
ultrathin GeTe ﬁlms
Ruining Wang1, Wei Zhang2, Jamo Momand3, Ider Ronneberger4,5, Jos E Boschker1, Riccardo Mazzarello4,5,
Bart J Kooi3, Henning Riechert1, Matthias Wuttig5,6 and Raffaella Calarco1
A highly unconventional growth scenario is reported upon deposition of GeTe ﬁlms on the hydrogen passivated Si(111) surface.
Initially, an amorphous ﬁlm forms for growth parameters that should yield a crystalline material. The entire amorphous ﬁlm then
crystallizes once a critical thickness of four GeTe bilayers is reached, subsequently following the GeTe(111) || Si(111): GeTe
[−110] || Si[−110] epitaxial relationship rigorously. Hence, in striking contrast to conventional lattice-matched epitaxial systems,
a drastic improvement in atomic order is observed above a critical ﬁlm thickness. Raman spectra show a remarkable change of
vibrational modes above the critical thickness that is attributed to a change in the nature of the bonds: While ordinary covalent
bonding is found in ultrathin ﬁlms, resonant bonding can prevail only once a critical thickness is reached. This scenario is
further supported by density functional theory calculations showing that ultrathin ﬁlms do not utilize resonant bonding in
contrast to the bulk phase. These ﬁndings are important not only for ultrathin ﬁlms of phase-change materials such as GeTe and
GeSbTe, which are employed in phase-change memories, but also for thermoelectrics and topological insulators such as Bi2Te3
and Sb2Te3, where resonant bonding might also have a signiﬁcant role.
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INTRODUCTION
Innovations in materials synthesis often enable breakthroughs in
realizing novel technologies. This is exempliﬁed by heterostructure
band engineering with epitaxial superlattices in optoelectronics and
information technology.1 Hence, concepts to grow epitaxial ﬁlms of
excellent quality have a crucial role in semiconductor physics.
Recently, epitaxial growth has also been reported for a class of
resonantly bonded chalcogenide compounds, including GeTe, Sb2Te3
and GeSbTe alloys (GST).2–4 Resonant bonding in chalcogenides is a
unique bonding mechanism, which differs signiﬁcantly from metallic
or ordinary covalent bonding. The atoms in crystalline compounds
such as GeTe or elemental Sb have to a ﬁrst approximation six nearest
neighbors but only three p electrons per atom to form saturated
bonds, sometimes called two center–two electron bonds. Therefore,
there are too many nearest neighbors for the electrons to form
ordinary covalent bonds to each neighbor. Instead, the system exhibits
a different bonding conﬁguration: it employs three center–two
electron bonds, also denoted as resonant bonds. In this situation,
neighboring atoms are held together just by a single electron, not an
electron pair. Unlike in metals, however, these electrons are still rather
localized between two atoms, leading to a non-vanishing band gap.
Resonant bonding can also be described as a superposition of
electronic conﬁgurations featuring two center–two electron bonds,
somewhat resembling the electronic conﬁguration in, for example,
benzene.5 Resonant bonding in chalcogenides is accompanied by
characteristic features, which include large values of the Born effective
charge (Z*) and the optical dielectric constant (ε∞).
6 Indeed, the
transition from the amorphous to the crystalline state in materials
such as GeTe or Ge2Sb2Te5 is accompanied by a signiﬁcant increase of
ε∞ and Z*.
6–8 This observation is in line with a transition from
ordinary covalent bonding in the amorphous state, where the atoms
have on average three nearest neighbors,9 that are held by saturated
bonds, to resonant bonding in the crystalline state.
Chalcogenides such as GeTe, Sb2Te3 or Ge2Sb2Te5 are important as
phase-change materials, thermoelectrics, topological insulators or
ferroelectrics.10–13 With novel applications for these materials within
reach, epitaxial growth provides the best platform to understand how
their different properties are manifested in an ultrathin ﬁlm. Some
interesting examples are the investigation of Anderson localization in
ultrathin (Bi1− xSbx)2Te3 topological insulators
14 or the surprising
increase of the Curie temperature in ultrathin SnTe ﬁlms compared
with the bulk, enabling stable macroscopic in-plane polarization at
room temperature in a two-unit-cell-thick ﬁlm.15 SnTe is closely
related to GeTe, but different phenomena were observed during the
downscaling of the thickness in the latter, with surface preparation
having a predominant role.16 A number of studies have brieﬂy
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mentioned the growth of chalcogenides starting with the formation of
non-crystalline layers,2,4,17,18 whereas the growth of a crystalline phase
is observed from the very beginning in other cases.19,20 These
differences are puzzling and motivate further studies. In the following,
the growth of ultrathin GeTe ﬁlms deposited by molecular beam
epitaxy on the Si(111)–(1× 1)–H surface is investigated. Subsequently,
we investigate the decisive factors which govern the atomic
arrangement by density function theory (DFT) calculations and by




All the substrates are cleaned using the method described in Wang et al.,19
where the preparation of the Si(111)–(√3×√3)R30–Sb surface is also described.
As for the Si(111)–(1× 1)–H surface, it is obtained by dipping the Si
(111) substrates in a 10% buffered hydroﬂuoric acid solution for 10 min,
stripping the oxide layer and passivating the surface with hydrogen.21 The
typical (1× 1) surface reconstruction is observed by RHEED (shown in
Figure 1a) and holds even after the ﬁrst 20 s of GeTe deposition, showing
the robustness of the passivation. The growth itself is performed at a substrate
temperature of 260 °C, using Ge and Te dual-ﬁlament effusion cells with base
and tip temperature of Tbase(Ge)= 1120 °C and Ttip(Ge)= 1140 °C for the Ge
cell, Tbase(Te)= 335 °C and Ttip(Te)= 470 °C for the Te cell. The cell ﬂuxes are
calibrated beforehand by performing X-ray reﬂectivity measurements on
amorphous Ge and Te ﬁlms grown at room temperature. The cell temperatures
used presently correspond to deposition rates at room temperature of
0.17 nm min− 1 for Ge and 0.4 nm min− 1 for Te, resulting in a Ge/Te ﬂux
ratio of ~ 2/5. At the end of the growth, the sample is cooled down to room
temperature, and prior to its removal from the molecular beam epitaxy, the
sample is capped with 10–15 nm of Si3N4 by RF sputtering in the molecular
beam epitaxy load-lock chamber in order to prevent oxidation. The diffract-
ometer used for X-ray diffraction (XRD) characterization of the samples is a
Panalytical X’Pert PRO MRD system with Ge (220) hybrid monochromator
(Panalytical, Kassel, Germany), employing a CuKα-1 (λ= 1.5406 Å) X-ray
radiation. Raman measurements were performed on a HORIBA LabRAM HR
Evolution system (Horiba, Villeneuve-d’Ascq, France) in z(y,xy)-z geometry
with a 633 nm laser. Transmission electron microscopic specimens were
prepared by mechanical grinding and ion-polishing with a Gatan PIPS II
(Gatan Inc., Pleasanton, CA, USA). Cross-sectional high-resolution transmis-
sion electron microscopic imaging was performed using a JEOL 2010F
(JEOL Ltd., Tokyo, Japan).
Simulation details
DFT simulations are performed using the Quantum Espresso package.22
Ultrasoft23 and norm-conserving24 pseudopotentials are employed for GeTe
and GaSb, respectively. We use GGA-PBE25 functionals but include van der
Waals corrections by adopting the Grimme’s D2 method.26 The wave-function
cutoff is set to 60 Ry for GaSb models and 50 Ry for GeTe models, for which
the charge density cutoff is set to 500 Ry. The Brillouin zone is sampled by
using a 20× 20×20 (20× 20×1) k-point mesh27 for the relaxation calculations
of bulk (thin-layer) models. For the self-consistent calculations prior to phonon
calculations, a ﬁner 40× 40×40 (resp. 40× 40×1) k-point mesh is used. We
include dipole corrections28 for the thin-layer simulations to eliminate the
spurious ﬁeld in the vacuum region due to the ﬁnite polarization of the models.
Phonon calculations are performed using the density functional perturbation
theory method.29 The phonon frequencies at the zone center are computed by
taking into account the non-analytical correction arising from the ﬁnite
polarization. The dielectric constant provided by our slab calculations is not
well deﬁned because it depends on the volume of the supercell, including the
vacuum slab. To extract an effective two-dimensional dielectric constant, we
employ the formula used by Gomes et al.,30 ε∞= 1+(ε∞DFT–1)× Lc/(n× Lbilayer),
where ε∞
DFT is the dielectric constant yielded by the DFT calculation, n is the
number of bilayers (BLs), Lc is the length of the supercell along the direction
perpendicular to the slab and Lbilayer is the BL spacing in bulk GeTe or GaSb,
Figure 1 (a) RHEED images along o-1104 azimuth during growth of GeTe
on Si(111)–(1×1)–H surface. These images are taken before deposition and
at 2 and 6 BL nominal thickness. The GeTe ﬁlm is ﬁrst amorphous and
crystallizes during growth. (b) Integrated RHEED intensity during growth
around the GeTe(111)–(1×1) reconstruction streaks, showing that
crystallization occurs after formation of 4 GeTe BL. (c) XRD φ-scan around
Si(111) axis, aligned on the GeTe(220) reﬂections, Si(220) reﬂections are
shown as the reference. Once the ﬁlm crystallizes, a strong in-plane epitaxial
relationship is found with the substrate. (d) Cross-sectional TEM image
showing the {−110} lattice planes in a 20 nm thick GeTe thin-ﬁlm grown on
Si(111)–(1×1)–H. The ﬁlm is fully crystalline with a sharp interface,
showing no misﬁt dislocations.
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equal to 3.50 and 3.51 Å, respectively. All data calculated with this model are
gathered in Supplementary Table SI-1, including an additional case for a GeTe
slab on top of a Sb(111) template.
RESULTS AND DISCUSSION
Figure 1a shows RHEED images recorded during the growth of
GeTe on the Si(111)–(1× 1)–H surface. The ﬁrst image characterizes
the starting surface. Within the deposition of the ﬁrst GeTe BL
(1 BL= 0.35 nm), the substrate streaks fade out, leaving only diffusely
scattered intensity, as shown on the second image. Because there is a
mismatch of 8.5% between GeTe and Si,19 reﬂections from both
materials are easily distinguished by RHEED, and it is clear that no
crystalline GeTe is formed up to this point, the surface is covered by
an amorphous material instead. After the deposition of four BLs,
new streaks corresponding to the GeTe(111)–(1× 1) surface appear
and remain until the end of the growth at a thickness of ~ 30 nm.
Hence, the GeTe ﬁlm ﬁrst grows with an amorphous structure and
then crystallizes as a thickness of four BLs is reached, as further
illustrated by Figure 1b where the integrated intensity near the position
expected for the GeTe streaks is plotted during growth. As the new
streaks appear, their spacing already corresponds to that of α–GeTe,
which indicates that the ﬁlm is relaxed.
An XRD φ-scan around the Si(111) axis is performed, aligned on
the GeTe(220) reﬂections, as shown in Figure 1c. Single peaks spaced
by 60° are measured and aligned with the silicon substrate reﬂections,
which means that the GeTe ﬁlm follows an in-plane epitaxial
relationship GeTe(−110) || Si(−110). Similarly to GeTe grown on Si
(111)–(√3×√3)R30°–Sb,19 the single peaks demonstrate that the
otherwise favorable in-plane rotational twists at ± 2° and ± 7° related
to domain matching epitaxy are suppressed.2 There is still dispersion
in the texturing, as evidenced by the full width at half maximum of
the reﬂections, but the distribution of twisted domains becomes
unimodal and aligned along the substrate azimuths. The intervals of
60° between the threefold symmetric {220} reﬂections show that
twinning is also present.
In the out-of plane direction, the symmetric 2θ−ω XRD scan
(not shown here) reveals that the same high-quality out-of-plane
texture is also obtained as for GeTe ﬁlms deposited on
Si(111)–(√3×√3)R30°–Sb surface,3,19 and Si(111)–(7× 7).2 To further
illustrate the excellent quality of the ﬁlm, cross-sectional transmission
electron microscopic analysis in Figure 1d shows that the ﬁlm
is indeed crystalline, with a sharp interface and no signs of strain
ﬁelds, hence no presence of misﬁt dislocations. The observation of
such crystalline quality and well-deﬁned out-of plane epitaxial
relationship is surprising, considering that the ﬁlm originated from
the crystallization of an amorphous phase.
Thus there is a remarkable difference between the initial stage of the
growth on the Si(111)–(1× 1)–H surface, compared with the growth
on Si(111)–(√3×√3)R30°–Sb that yielded a crystalline phase for all
ﬁlm thicknesses.3,19 To further investigate this divergence, GeTe ﬁlms
with nominal thickness of two and four BLs were prepared, where the
RHEED pattern still showed no crystalline streaks at the end of the
growth. Two thicker samples are then grown until the RHEED streaks
have appeared, with nominal thicknesses of six and eight BLs. In
Figure 2a, the Raman spectrum for each sample is presented along
with the corresponding RHEED image acquired at the end of the
growth. In all cases, the RHEED pattern remains unchanged after the
deposition is stopped, demonstrating that both the amorphous and
crystalline ultrathin ﬁlms are stable.
For the two thicker samples, two modes of similar intensity can be
identiﬁed at 94 and 140.3 cm− 1 for the eight BLs sample and 99.6 and
144.6 cm− 1 for the six BLs. They correspond to the (E) and (A1)
modes of α–GeTe at 83 and 123 cm− 1 but strengthened due to the
impact of the predominating interfaces.32 All ﬁlms being capped
with Si3N4 in order to prevent oxidation, both the interface with
the substrate and capping layer contribute to the shift of the
Raman modes.
The two spectra for the thinner ﬁlms look qualitatively different.
Modes are observed at 128.6 and 156.2 cm− 1 for the four BL sample,
while they are found at 127.4 and 163.3 cm− 1 for the two BL sample,
and their intensity ratio is about 2/3. These modes match very well
with literature values for amorphous GeTe at 127 and 162 cm− 1.31
The presence of a broad Bose peak near the 50 cm− 1 range
also indicates that an amorphous layer is formed during the initial
stage of growth.33 A summary of the observed Raman frequencies
Figure 2 (a) Raman spectra acquired on GeTe samples of 2, 4, 6 and 8 BL
nominal thickness grown on the Si(111)–(1×1)–H surface. RHEED images
acquired at the end of each growth are also shown. Signiﬁcant differences in
intensity and frequency of the Raman modes are observed for the two
thinner samples, which are amorphous, as compared with the two thicker
crystalline samples. (b) The position of the observed Raman modes are
reported as a function of thickness. The values obtained on a 30 nm thick
crystalline GeTe ﬁlm and reference values for amorphous GeTe31 are shown
as well. Although the spectra of the 6 and 8 BL sample closely resemble the
crystalline (bulk-like) reference sample, the spectrum for the 4 BL sample
are quite similar to the amorphous reference sample. The pronounced
change of the frequency of the Raman modes between 4 and 6 BL is
indicative for a change in bonding mechanism upon crystallization.
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is plotted in Figure 2b as a function of the ﬁlm thickness. While the
higher frequency mode seems to shift linearly toward the (E) mode
of crystalline GeTe, the lower frequency mode displays a clear change
in its position between four and six BLs. Such a pronounced difference
between the Raman spectra for the four and six BL sample is very
striking and requires an explanation, as crystallization in most solids
is only accompanied by rather modest changes of the position and
width of vibrational modes. Interesting enough, previous investiga-
tions have already shown a signiﬁcant difference of the Raman
spectrum for much thicker amorphous and crystalline samples
of the same compound. This change of vibrational modes is a
characteristic ﬁngerprint of phase-change materials. The pronounced
difference of the Raman spectra has been attributed to a change
of bonding mechanism from covalent bonding in the amorphous
phase to resonant bonding in the crystalline phase.6,7,34,35 The
Raman mode positions for amorphous and crystalline GeTe are
shown for comparison in Figure 2b. The Raman modes measured
in the four BL (amorphous) ﬁlm match with those in the amorphous
reference, while the spectrum for the six BL thick (crystalline) ﬁlm
is very similar to the spectrum of the resonantly bonded crystalline
sample. This provides strong evidence that the thinner ﬁlms exhibit
ordinary covalent bonding, while the thicker ﬁlms above four
BLs show resonant bonding. Once the ﬁlm is crystalline, neither the
Bose peak nor modes of the amorphous GeTe are observed,
ruling out the possibility for parts of the ﬁlm to remain amorphous
or to have crystalline material growing on top of a subsisting
amorphous layer. The latter scenario would also be incompatible
with the epitaxial nature of the thicker ﬁlms. The scenario observed
here hence also differs signiﬁcantly from the case of delayed crystal-
lization of Gd2O3 on Si(111),
36 where no such change in bonding is
observed.
It is interesting that both Raman modes that are measured in the
ultrathin amorphous GeTe ﬁlm can be attributed to the vibration of
atoms in defective octahedral sites.37 The modes at frequencies
4185 cm− 1 corresponding to homopolar Ge-Ge bonds in tetrahedral
structures38 are not observed. Considering that Raty et al.39 have
demonstrated that the relaxation of amorphous GeTe leads to the
reduction of these less stable bonds and that the amorphous GeTe in
the present ultrathin ﬁlm is slowly deposited at a high temperature of
260 °C, homopolar Ge–Ge bonds and associated tetrahedral structures
are apparently strongly suppressed.
The next step is to understand why resonant bonding only
prevails above a critical thickness on speciﬁc surface reconstructions.
The rearrangement of the entire ﬁlm for constant growth temperature
indicates that the transition is governed by energetic constraints.
Resonant bonding can best be described by a stabilization of a
compound through electron delocalization. This is similar to the
idea that metallic bonding is favored due to a decrease in
kinetic energy upon electron delocalization. Hence, in the ultrathin
geometry, electron delocalization in the direction of the ﬁlm
normal can be strongly impaired, if the interfaces create an electronic
barrier.
In the comparison between Si(111)-(1× 1)-H and Si(111)–
(√3×√3)–Sb,3,19 where GeTe is able to form a crystalline thin-ﬁlm
directly, the presence of Sb stands out as the main difference.
The exact mechanism by which resonant bonding is enabled in
this case is still subject to further investigation. Sb does have a
natural tendency for resonant bonding, both in its pure form and
also when intermixed with GeTe into GST,10 and the Sb-rich
environment could be promoting the formation of resonant bonds.
But the Sb passivating the Si(111) surface only form one single atomic
layer that is covalently bonded via sp3 hybridization. Therefore, the Sb
in this speciﬁc case does not simply form a ‘resonantly bonded
template’. But in contrast with the H-passivation, the Sb-passivation
leaves a highly directional lone pair pointing upwards,40 whereas all
electrons are mostly concentrated below the H atoms in the former.
This difference in the nature of the passivation could inﬂuence
the stability of the amorphous and crystalline phases of GeTe
deposited above.
Finally, the pronounced change of bonding in ultrathin GeTe ﬁlms
is investigated by DFT calculations. Freestanding models were built
along the [111] direction of GeTe with a vacuum slab of 20 Å, as
shown in Figure 3. A detailed description of the model is given in the
Supplementary Information section. Following the calculation
approach for the dielectric function of two-dimensional systems by
Gomes et al.,30 tremendous differences in ε∞ and Z* are found between
a freestanding ﬁlm of one or two BLs of GeTe and a bulk phase.
The characteristic ﬁngerprint of resonant bonding, that is, high values
of ε∞ and Z* are not observed for ultrathin ﬁlms. This clearly indicates
that the ultrathin ﬁlms do not utilize resonance bonding, in contrast to
the bulk phase, which shows very large values of ε∞. These thin ﬁlms
show a more pronounced band gap in DFT calculations, similar to the
amorphous state of bulk phase-change materials; this is further
evidence for ordinary covalent bonding.6 Even if the atoms of the
one or two BL ﬁlms are forced within the model into the same
positions as the bulk, no resonant bonding is formed. This last
aspect is also reﬂected in the Raman data of the amorphous phase
at growth onset showing predominantly defective octahedral
structures: Even though the atoms are locally arranged into the
Figure 3 The bulk and thin-layer models of GeTe and GaSb. All structures
are fully relaxed with respect to cell parameters and atomic positions with
inclusion of van der Waals corrections.24 All slab models contain a 20 Å
vacuum slab. The calculated values for ε∞, Z* and the two predicted Raman
modes in each cases are reported below their corresponding schematic. For
GeTe, ultrathin ﬁlms show very low values of ε∞ and Z*, incompatible with
resonant bonding, while the bulk sample possesses this characteristic
ﬁngerprint (large values of ε∞ and Z*).
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right geometrical conﬁguration for resonant bonding, the material
does not manage to delocalize its p electrons to form the resonantly
bonded network.
This behavior of freestanding GeTe ﬁlms is strikingly different from
the scenario observed for freestanding ﬁlms of GaSb, a covalently
bonded system (sp3 bonded), where both the atomic positions and the
dielectric function do not differ signiﬁcantly from the corresponding
bulk phase. The dielectric properties of one BL GeS, GeSe, SnS and
SnSe have been shown to be very close to their bulk states as well.30
Although these systems are also are bonded with three p electrons per
atom in average, no resonant bonding is present due to the
misalignment of their p orbitals.41,42 This is further evidence for our
claim that only resonantly bonded solids show unconventional
properties as a thin ﬁlm, while this effect is not observed for
sp3-bonded materials (for example, GaSb) or for p-bonded solids
with angular disorder (for example, GeSe), which do not utilize
resonant bonding. Finally, the calculated phonon properties can be
compared with the data measured in the ultrathin GeTe ﬁlms.
Qualitatively, both the transverse and the longitudinal optical modes
decrease signiﬁcantly as the ﬁlm thickness increases, in line with the
trend observed in the experimental data. A quantitative comparison
should not be drawn, as the presence of the substrate and capping
material are neglected in the model.
It is interesting that conﬁnement in only one direction is sufﬁcient
to cause a drop in ε∞ and Z*, disrupting the resonant bonds, when the
thin-ﬁlm geometry imposes in principle no constrains in-plane. Also
in the case of Ge2Sb2Te5(100) grown on GaSb(100), where p orbitals
are expected in the ﬁlm plane, the same phenomenon of an
amorphous transition at growth onset was also reported.4 This shows
that the three resonant p orbitals are interdependent and that electron
delocalization has to be possible in all three directions for resonant
bonding to exist.
CONCLUSION
In conclusion, two distinct growth mechanisms for GeTe are identiﬁed
depending on the surface treatment of silicon and hence the electronic
interaction between the growing ﬁlm and the substrate. Although it is
difﬁcult to isolate and quantify this electronic interaction from
an experimental point of view, this study highlights the critical
importance of the interfaces for the promotion or suppression of
resonant bonding inside an ultrathin layer. Because resonant bonding
is the signature and the very origin of the many properties in these
chalcogenide compounds, those ﬁndings are not only relevant for
scaling purposes in phase-change properties but also for the synthesis
of thermoelectric superlattices, topological insulators and the novel
class of ferroelectric Rashba semiconductors.43
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